Plants have evolved multiple strategies to protect themselves from animal, insect, and microbial invasions. The most general of these defense mechanisms exist in many plants and function against a range of organisms. Examples of these include the lignification of normal tissue to ward off passive microbial and fungal invaders, the lignification of damaged tissue to limit the extent of damage caused by active invaders, and the synthesis of toxic defense compounds capable of inhibiting common metabolic processes (e.g. psoralen derivatives that inhibit DNA replication [Berenbaum, 1991] , monoterpene indole alkaloids that inhibit microtubule formation and cell division [Wink, 1993; Kutchan, 1995] ). The more specific of these defense mechanisms exist in a limited number of plant species and/or function against select groups of pathogenic organisms (Seigler, 1998) . Examples of these specific defenses include the synthesis of DIMBOA in maize (which inhibits proteases and oxidative enzymes in fungi, bacteria, and insects), the synthesis of cyanogenic glucosides in sorghum (which inhibit enzyme functions in insect and animal herbivores), the synthesis of nicotine alkaloids in tobacco (which inhibit neurotransmitter functions in insects), and the synthesis of monoterpenes in pines and mints (which act as feeding deterrents for insects and animals) (Niemeyer, 1988; Kutchan, 1995; Seigler, 1998) .
A wide range of cytochrome P450 monooxygenases mediate the biosynthesis of lignins, terpenes, alkaloids, and the variety of other secondary compounds that act as these plant defense agents (Durst and O'Keefe, 1995; Chou and Kutchan, 1998) . Another subset of P450s, possibly including some P450s with biosynthetic functions, mediate the primary detoxification of natural and synthetic toxins encountered in the environment Werck-Reichhart et al., 2000) . The relationships between these biosynthetic and detoxicative plant P450s are, in part, unknown because of the large number of enzymatic activities attributed to this expansive gene family and because the biological specificities of relatively few P450s have been defined. Studies examining P450-mediated metabolism of herbicides have indicated that in wheat (Triticum aestivum) and maize microsomes a range of P450s mediate N-demethylations and ring-methyl hydroxylations of phenylurea herbicides such as primisulfuron (FonnePfister et al., 1990) and chlortoluron, the aryl hydroxylation of sulfonylurea herbicides such as triasulfuron (T) (Frear et al., 1991; Moreland et al., 1993; Thalacker et al., 1994; Persans and Schuler, 1995) , and the aryl hydroxylation of other herbicides such as bentazon (McFadden et al., 1990) . Among those which have been characterized in heterologous expression systems are the maize CYP71C1, CYP71C2, CYP71C3v1, and CYP71C4 sequences that mediate DIMBOA synthesis (Frey et al., 1997) , the related maize CYP71C3v2 sequence that mediates T tolerance (M.W. Persans, J.M. Whitbred, and M.A. Schuler, unpublished data), the artichoke CYP73A1 that mediates t-cinnamic acid hydroxylation, and minimal chlortoluron ring-methyl hydroxylation (Pierrel et al., 1994; Urban et al., 1994) , the artichoke CYP76B1 that effectively N-dealkylates a range of xenobiotics including chlortoluron (Robineau et al., 1998; Werck-Reichhart et al., 2000) , and the soybean CYP71A10 that N-demethylates a range of phenylurea herbicides and ring-methyl hydroxylates chlortoluron (Siminszky et al., 1999) .
Metabolic studies and mRNA analyses have suggested individual P450s or subsets of these P450s are induced in response to chemical inducers and varying environmental conditions. In artichoke tubers and pea (Pisum sativum) seedlings, CYP73A transcripts encoding t-CAH in the early phenylpropanoid pathway are expressed at a significant basal level and further induced in response to light (UV, high, blue, and red), wounding, pathogen attack, temperature stress, nutrient stress, and chemical (Mn, phenobarbital [PB] , aminopyrine [AP]) application (Werck-Reichhart, 1995; Frank et al., 1996; Batard et al., 1997; Whitbred, 1998) . In pea seedlings, transcripts encoding P450s downstream in the phenylpropanoid pathway (CYP82A1) are expressed at negligible basal levels and highly induced in response to light (UV-B), cold stress, wounding, and copper chloride treatment (simulating pathogen attack; Frank et al., 1996; Whitbred, 1998) . In seedlings of maize and wheat, chemical inducers such as naphtalic anhydride (NA), PB, herbicides, ethanol, and Mn substantially induce some of the herbicide-detoxifying activities described above (Fonne-Pfister et al., 1990; Frear et al., 1991; Zimmerlin and Durst, 1992; Zimmerlin et al., 1992; Moreland et al., 1993; Barrett, 1995; Persans and Schuler, 1995) and an undefined number of other P450 transcripts (Potter et al., 1995; Persans, 1998) . In the field-grown versions of these crop plants, the inducibilities of herbicide detoxification enzymes by NA are so significant that this compound is now designated as a plant safener or protectant against herbicide application (Hatzios and Wu, 1996; Davies and Caseley, 1999) . Several of the compounds mentioned above (PB, AP, and Mn) have also been shown to induce 7-ethoxycoumarin O-deethylase and 7-ethoxyresorufin O-deethylase detoxifying activities and a range of P450 transcripts (CYP73A1, CYP76B1, and CYP81B1) in artichoke tuber tissues Cabello-Hurtado et al., 1998; Robineau et al., 1998) .
From several studies, it is clear that complex interactions exist between some of these inducers in that some chemical combinations (NA plus ethanol) additively enhance P450 metabolic activities and other chemical combinations (NA plus PB and NA plus T) synergistically enhance activities (Frear et al., 1991; Zimmerlin and Durst, 1992; Zimmerlin et al., 1992; Thalacker et al., 1994; Persans and Schuler, 1995) . Studies in maize have made it apparent that developmental parameters substantially influence the responses to these types of chemical cues: The combination of NA plus T synergistically induces T hydroxylation in young (2.5-d-old) maize seedlings (88-fold over control levels), whereas only NA induces metabolism in older (6.5-d-old) seedlings (33-fold over control levels) (Persans and Schuler, 1995) . RNA analyses evaluating the induction patterns of maize CYP71C3v2 transcripts in NA/T-treated 2.5-dold and 6.5-d-old seedlings have correlate strongly with these developmentally-modulated T hydroxylase profiles (M.W. Persans, J.M. Whitbred, and M.A. Schuler, unpublished data), emphasizing the multiplicity of parameters controlling responses to chemical cues.
To further evaluate the importance of developmental parameters in the response to chemical cues, we have surveyed the expression patterns of a series of maize P450 transcripts in response to treatment with NA, T, PB, or infection with bacterial pathogens.
RESULTS
To maximize opportunities for cloning P450 isozymes involved in herbicide metabolism, poly(A) ϩ mRNA prepared from 6.5-d-old NA-treated maize seedlings was used in an initial RT/PCR cloning described in detail by M.W. Persans, J.M. Whitbred, and M.A. Schuler (unpublished data). Biochemical analysis had previously (Persans and Schuler, 1995) demonstrated that T hydroxylation was induced 33-fold in NA-treated 6.5-d-old seedlings and 88-fold in NA/T-treated 2.5-d-old seedlings compared with the same age untreated seedlings. In this initial cloning, mRNA was reverse transcribed and PCR amplified using a 3Ј-oligo(dT) primer complementary to the poly(A) tract of mRNAs and a 1,024-fold degenerate primer encoding part of a conserved amino acid sequence (EEF-PERF) located approximately 30 amino acids upstream from the heme-binding Cys. The resulting RT-PCR products were cloned using BamHI and EcoRI sites included in the 5Ј-and 3Ј-RT-PCR primers and transformants with inserts in the appropriate size range were sequenced from their 5Ј end to identify clones containing the conserved F-G-R-C-G P450 signature motif. Of the five distinct P450 clones identified in this process, one clone (NA PCR 1) shared extremely close amino acid identity (93%) with the C terminus of the CYP71C3v1 sequence encoding the fourth hydroxylase in the DIMBOA biosynthetic pathway (Frey et al., 1997) , substantial identity (61%-62%) with the second and third hydroxylases in this pathway and lesser identity (47%) with the first hydroxylase in the pathway. NA PCR 3 shared 70% to 71% amino acid identity with the tobacco CYP92A2 and CYP92A3 sequences (Czernic et al., 1996) , 57% amino acid identity with the artichoke CYP76B1 sequence , and 42% amino acid identity with the maize CYP71C3 sequences (Frey et al., 1995; M.W. Persans, J.M. Whitbred, and M.A. Schuler, unpublished data) . NA PCR 4 shared 59% amino acid identity with the tobacco CYP72A2 sequence (LaRosa and Smigocki, 1995) , 51% to 53% amino acid identity with Catharanthus roseus CYP72A1 sequences (Vetter et al., 1992) and 28% to 30% amino acid identity with other sequenced maize P450s.
Longer cDNAs corresponding to the truncated NA PCR 3 and NA PCR 4 clones were isolated from a cDNA library constructed with 2.5-d-old NA/Ttreated seedling mRNA in the pYES yeast expression vector (Invitrogen, Carlsbad, CA) . Further characterization of the full-length CYP71C3v2 cDNA corresponding to NA PCR 1 is described by M.W. Persans, J.M. Whitbred, and M.A. Schuler (unpublished data). One full-length (1.6 kb) clone, designated CYP92A1 ( Fig. 1 ), was detected with the 32 P-labeled NA PCR 3 probe at high stringency, and four partial (ranging in size to 1.3 kb) clones, designated CYP72A5 (Fig. 2) were detected with the 32 P-labeled NA PCR 4 probe. Sequence comparisons indicated that the full-length CYP92A1 cDNA was absolutely identical at the nucleotide level to the NA PCR 3 clone. Alignment of the CYP92A1 amino acid sequence with other P450s (Fig. 1) indicates that CYP92A1 shares 57% and 54% identity with the tobacco CYP92A2 and CYP92A3 sequences (Czernic et al., 1996) , respectively, and 42% identity with the avocado CYP71A1 sequence (Bozak et al., 1990) . Sequence comparisons of the partial maize CYP72A5 cDNA with NA PCR 4 clone indicated that they differ in one coding nucleotide and have identical 3Ј-non-translated nucleotides. This single coding nucleotide difference corresponds to an Ile-to-Thr replacement in the 78 amino acid C-terminal region encompassed by these two clones. Comparisons of the CYP72A5 amino acid sequence with the tobacco CYP72A2 and C. roseus CYP72A1 sequences (Fig. 2) indicated that 205 N-terminal amino acids were not encoded in the CYP72A5 cDNA and that the C-terminal sequences shown in Figure 2 share 53% to 54% identity with CYP72A1 sequences and 53% identity with the CYP72A2 sequence.
In other clonings, control mRNAs from 6.5-d-old etiolated seedlings were RT-PCR amplified using a 5Ј-primer encoding amino acids 320 to 326 upstream of the conserved heme-binding region in pea t-CAH (Frank et al., 1996) and a 3Ј primer complementary to nucleotides encoding amino acids 463 to 469 downstream of the conserved heme-binding region. Cloning of individual RT-PCR products identified several clones identical to the maize CYP73A7 sequence encoding t-CAH and one clone identical to the maize CYP73A6 sequence encoding a slightly different t-CAH (Potter et al., 1995) .
Responses to Chemical Inducers
To determine the expression patterns of these various P450 transcripts in maize seedlings, poly(A) ϩ mRNAs from 2.5-d-old and 6.5-d-old control, NA-treated and Figure 1 . Alignment of CYP92A1 with related P450s. Alignments of the CYP92A1 amino acid sequence with the related tobacco CYP92A2 and CYP92A3 sequences (Czernic et al., 1996) generated using the Clustal W multiple sequence alignment program (Thompson et al., 1994) are shown.
NA/T-treated maize seedlings were hybridized with individual P450 cDNA probes using high stringency conditions that prevent cross-hybridization of superficially-related sequences. Subsequent hybridizations with a maize 1055 cDNA probe for a constitutive transcript (Sachs, 1991) normalized the level of induction for each transcript relative to the levels found in control seedlings of the same age. Phosphorimager quantification of these northerns indicate that CYP92A1 transcripts are virtually undetectable in 2.5-d-old NA-or NA/T-treated seedlings and in 6.5-d-old NA-treated but that they are induced at least 3.0-fold in NA/T-treated 6.5-d-old seedlings ( Fig. 3 ; Table I ). CYP92A1 transcripts were also undetectable in 2.5-d-old and 6.5-d-old seedlings treated with T alone and in 14-d-old seedling shoots. CYP72A5 transcripts are undetectable in 2.5-d-old NA-or NA/T-treated seedlings and in control seedlings ( Fig. 4 ; Table I ) and are induced 4.6-fold in 6.5-d-old NA-treated seedling shoots and 7.3-fold in 6.5-d-old NA/T-treated seedling shoots. CYP72A5 transcripts are undetectable in root tissues isolated from NA-, NA/T-, or T-treated 2.5-d-old and 6.5-dold seedlings and in 14-d-old seedling shoots (data not shown).
In contrast to these maize transcripts whose constitutive levels are not regulated at different stages in seedling growth, CYP73A7 transcripts encoding t-CAH are expressed in 6.5-d-old seedling shoots at a level 4.2-fold higher than in 2.5-d-old seedling shoots (Fig. 5) . Also in contrast to the CYP92A1 and CYP72A5 transcripts, CYP73A7 transcripts are not significantly induced in either shoot or root tissue by NA or NA/T treatment (Table I and data not shown). Via northern analysis, CYP73A6 transcripts are undetectable in 2.5-and 6.5-d-old control, NA-and NA/T-treated seedling shoots (data not shown).
To further determine the range of other P450s induced by NA plus T, these northern blots were probed with maize EST clones agrc115 (encoding CYP71C1, the third P450 in the DIMBOA biosynthetic pathway; Frey et al., 1997) , csu25 (encoding CYP51 potentially involved in sterol 14␣-demethylation; Bak et al., 1997) , and 6c06b11 and 7c02c12 (encoding P450s of unknown function). CYP71C1 and its related transcripts are expressed at a significant and equal level in 2.5-and 6.5-d-old seedling shoots (Fig. 6 ), induced 2.1-fold in NA-and NA/T-treated 2.5-d-old seedling shoots, and repressed in older NAand NA/T-treated seedling shoots. In comparison, CYP71C3v2 transcripts encoding the fourth hydroxylase in the DIMBOA pathway are 2.8-fold induced in 2.5-d-old NA-treated seedling shoots, 2.0-fold induced in 6.5-d-old NA-treated seedling shoots, and 5.0-fold induced in 2.5-d-old NA/T-treated seedling shoots (Table I ; M.W. Persans, J.M. Whitbred, and M.A. Schuler, unpublished data). In contrast to these inducibilities by NA in young shoot tissue, CYP71C1 and CYP71C3 transcripts are not induced in root tissues by either NA or NA/T treatment (Table I and data not shown). In response to these chemical inducers, CYP51 transcripts are induced to the same Figure 2 . Alignment of CYP72A5 with related P450s. Alignments of the partial CYP72A5 amino acid sequence with the full-length C. roseus CYP72A1 and N. plumbaginifolia CYP72A2 sequences (Vetter et al., 1992 ; GenBank accession no. U35226) generated using the Clustal W multiple sequence alignment program (Thompson et al., 1994) are shown. In the NA PCR 4 clone, Ile242 encoded in the CYP72A5 cDNA is replaced by Thr. extent and in the same pattern in shoot tissue as CYP71C1 transcripts (Table I) . Like t-CAH transcripts, P450 EST 6c06b11 transcripts are severalfold more abundant in 6.5-d-old seedling shoots than 2.5-d-old seedling shoots and not appreciably induced in response to NA or NA/T treatment of either young or old seedlings (Table I) . P450 EST 7c02c12 transcripts are not detectable in 2.5-or 6.5-d-old seedling shoots and are not induced by NA or NA/T treatment (data not shown).
To determine the extent to which these P450 transcripts might be induced by non-safener treatments, several traditional P450 inducers including PB, PB plus T, wounding, and UV-C light were applied separately to root and shoot tissues. Of these, only PB treatment and wounding had any effect on the CYP92A1 transcript levels, and this effect was only observed in older shoots. Specifically, PB and wounding induced CYP92A1 transcripts 1.7-and 1.9-fold, respectively, in 6.5-d-old seedling shoots but not in 2.5-d-old shoots or any root tissues tested (Tables II and III) . T and UV-C light treatments did not induce CYP92A1 transcripts in the shoots or roots at either stage of development. PB treatment exerted a unique and considerably stronger effect on the CYP72A5 transcript levels in root tissues (Fig. 4 , right) with CYP72A5 transcripts induced 10.6-fold in 2.5-d-old roots and 16.8-fold in 6.5-d-old roots (Tables II and III). PB treatment in combination with T somewhat repressed this induction resulting in 8.2-and 12.1-fold inductions in 2.5-and 6.5-d-old seedling roots. No comparable induction occurred in shoot tissue in response to PB or PB/T treatment (Table II) . Wounding had no significant influence on the levels of CYP72A5 transcripts in shoots or roots at any stage of development (Tables II and III) .
CYP73A7 and CYP71C1 transcript levels in shoots and roots were unaffected by PB treatment with or without T. Wounding induced CYP73A7 transcript levels 1.6-fold in 2.5-d-old seedling shoots and 2.1-fold in 6.5-d-old seedling shoots but did not affect CYP73A7 transcript accumulation in root tissues (Tables II and III). Wounding induced CYP71C1 transcript levels to a much lesser degree (1.3-fold) in both 2.5-and 6.5-d-old seedling shoots and did not affect CYP71C1 transcript levels in root tissues (Tables II  and III) .
Responses to Bacterial Pathogens
To determine the responses of these genes to challenge with pathogens, the mRNA expression patterns in 6.5-d-old seedlings were analyzed after 12-to 16-h infection with maize bacterial pathogens Erwinia stuartii and Acidovorax avenae (Fig. 7) . Relative to control seedlings treated with nutrient broth, the pathogen E. stuartii induced CYP71C3v2, CYP71C1, CYP92A1, CYP73A7, CYP51, and CYP6c06b11 transcripts 1.9-fold, 1.9-, 1.8-, 1.5-, 2.6-, and 8.3-fold, respectively (Fig. 7) . The pathogen A. avenae induced CYP71C3v2, CYP71C1, CYP92A1, CYP73A7, CYP51, and CYP6c06b11 transcripts 2.7-, 2.5-, 2.1-, 1.5-, 3.6-, and 10.4-fold, respectively. Neither of these pathogens induce CYP72A5 transcripts to any extent in 6.5-d-old maize shoots (data not shown).
Genomic Analysis
The genomic copy numbers of the CYP92A1, CYP72A5, CYP71C3v2, and CYP73A7 genes were assessed using restriction enzymes that do not cleave within individual cDNAs and gene-specific probes representing the 3Ј-coding sequences. By this analysis, CYP92A1 sequences are contained within a single large HindIII (10-12 kb) and two smaller EcoRI (6.5 kb, 9.0 kb) fragments, CYP72A5 sequence are contained within single small EcoRI (3.6 kb) and XhoI (4.2 kb) fragments, CYP71C3v2 sequences are contained ϩ mRNA isolated from control (C), NA-, or NA/T-treated 2.5-or 6.5-d-old seedlings were electrophoresed on 1.2% (v/v) agarose-formaldehyde gels, transferred to Hybond-N nylon membrane, and probed at high stringency with the 3Ј-terminal sequence (bp 1,200-1,600 relative to the first coding nucleotide) of the CYP92A1 cDNA and subsequently with the constitutive maize 1055 cDNA (Sachs, 1991) . CYP92A1 mRNA levels were quantified by phosphorimager analysis and normalized relative to the 1055 mRNA levels. The relative induction levels for CYP92A1 mRNA after each treatment compared with the CYP92A1 mRNA in control seedlings of the same age are shown below each lane. within single EcoRI (7.5 kb) and XbaI (7.0 kb) fragments, and CYP73A7/CYP73A6 sequences are contained within two EcoRI (4.0 kb, 6.5 kb) fragments (Persans, 1998) . This level of analysis suggests that CYP92A1 is encoded by a small group of closely spaced genes, that CYP72A5 and CYP71C3v2 are encoded by unique genes, and that the CYP73A7/ CYP73A6 proteins are encoded by a small group of unlinked genes. Sequence and database comparisons suggest that the small cluster of CYP92A1 genes actually encompass a unique CYP92A1 gene, which exhibits no sequence variation between our cDNA and RT-PCR clones, and at least one closely-related CYP92A4 gene (95% identical; M. Barrett, unpublished data). Additional comparisons are not possible since neither CYP92A sequence is represented in existing EST databases. Sequence and database comparisons support the singularity of the CYP71C3v2 gene in the maize inbred B73 genome: No sequence variations occur between the CYP71C3v2 cDNA and RT-PCR clones and the only available EST clone in the maize B73 EST database is identical to the CYP71C3v2 cDNA sequence. More expansive database and genomic DNA comparisons indicate that a single related CYP71C3v1 gene (99% identical) exists in the maize inbred CI31A genome (Frey et al., 1997) . Sequence comparisons also support the singularity of the CYP72A5 gene in the maize inbred B73 genome: A single nucleotide difference occurs between the CYP72A5 cDNA and RT-PCR clones, and the single available EST clone in the maize B73 EST database is identical to the CYP72A5 cDNA sequence.
To define the internal organization of these genes in the B73 line, maize genomic DNA was PCR-amplified with primers spanning different regions of the gene.
PCR amplification of genomic DNA with the INT PR1 and INT PR3 primers positioned internally within the CYP92A1 coding sequence generates products that are the same size as products generated from the CYP92A1 cDNA (Persans, 1998) . This result indicates that there is no intron positioned between these two primers. PCR amplification of genomic DNA with INT PR1 and INT PR2 primers positioned within the CYP72A5 coding sequence generate a single product that is approximately 370 nucleotides larger than that generated from the CYP72A5 cDNA (data not shown). The subsequent cloning and sequencing of the largest amplified product indicated that one intron of 371 nucleotides occurs within the CYP72A5 coding sequence between amino acids 172 and 173.
The map locations of the CYP92A1, CYP72A5, and CYP73A7 genes in recombinant maize inbred populations were determined as outlined in "Materials and Methods." This analysis localizes the CYP92A1 gene to a single locus on the long arm of chromosome 2 (Fig. 8) , the CYP72A5 gene to the long arm of chromosome 3, the CYP71C3v2 gene to the short arm of chromosome 4, and the CYP73A7 gene to the long arm of chromosome 6.
To determine the extent to which the CYP92A1 and CYP72A5 genes are conserved between plant species, several genomes including pea, wheat, Arabidopsis, three different maize inbred lines (B73, CI31A, and Mo17), and teosinte (Zea mays var parviglumis) were subjected to high stringency PCR amplification with primers directed against coding sequences. Amplification with the CYP92A1 INT PR1 and INT PR3 primers, which do not span an intron, and hybridization with a 32 P-labeled fragment of the CYP92A1 cDNA resulted in no discernible amplification prod- ϩ mRNA isolated from control (C), NA-, NA/T-, PB-, PB/T-, or T-treated 2.5-or 6.5-d-old seedling shoots (left) and roots (right) were electrophoresed on 1.2% (v/v) agarose-formaldehyde gels, transferred to Hybond-N nylon membrane, and probed at high stringency with the 3Ј-terminal sequence (approximately 400 bp) and subsequently with the constitutive maize 1055 cDNA (Sachs, 1991) . CYP72A5 mRNA levels were quantified by phosphorimager analysis and normalized relative to the 1055 mRNA levels. The relative induction levels for CYP72A5 mRNA after each treatment compared with the CYP72A5 mRNA in control seedlings of the same age are shown below each lane.
ucts from pea, wheat, and Arabidopsis genomic DNA and a single cross-hybridizing product of approximately 550 bp from all of the maize varieties and teosinte (Persans, 1998) . This product, which corresponds to the expected size of a PCR product spanning this intronless portion of the CYP92A1 gene, indicates that all of these varieties contain close CYP92A1 homologs. Amplification with the CYP72A5 INT PR1 and INT PR2 primers, which span the fourth intron in this gene (J. Wang, unpublished data) and hybridization with a 32 P-labeled fragment of the CYP72A5 cDNA resulted in no discernible bands from pea, wheat, or Arabidopsis genomic DNA and a single 740-to 800-bp product from all of the maize varieties as well as teosinte (Persans, 1998) . This product, which is the expected size of a PCR product spanning a variable length intron in this region of the CYP72A5 gene, again, indicates that each of these lines contain a single CYP72A5 gene. Similar amplification of the CYP71C3-related genes in these species with primers, which span a region of the CYP71C3v2 coding sequence containing two introns, results in a single 1,100-bp product from all of the maize varieties including teosinte (Persans, 1998).
DISCUSSION
Using a degenerate RT-PCR strategy, we have cloned four highly divergent P450 transcripts that are expressed in NA-induced maize coleoptiles. The derived amino acid sequences for these P450s, which share little amino acid identity (13%-23%) with one another, indicate that these transcripts represent distinct P450 subfamilies. Of these, three represent novel maize P450s not previously reported in the literature and one (CYP71C3v2) shares extensive homology with a maize P450 in the DIMBOA biosynthetic pathway (Frey et al., 1995 (Frey et al., , 1997 .
Northern analyses of the transcripts complementary to CYP92A1, CYP72A5, and five other maize P450 ESTs indicates that most of these P450 transcripts are expressed with their own distinct pattern of RNA accumulation in response to chemical treatment and wounding. Of the P450s whose function has not yet been defined, CYP92A1 mRNAs show enhanced accumulation in response to NA/T treatment in older seedling shoots and CYP72A5 mRNAs show significant accumulation in response to NA treatment in older shoots and substantially more accumulation in response to NA/T treatment. Induction of these two P450 transcripts by this plant safener and herbicide is developmentally-and tissuespecifically regulated. Neither of these transcripts is detectable or inducible in 2.5-d-old seedling shoots or in any age root after exposure to these two chemicals. For both CYP92A1 and CYP72A5, the enhanced transcript accumulation at 6.5 d in response to NA and T is dependent on pretreatment with the plant safener; T treatment alone does not induce CYP92A1 transcripts at either 2.5 or 6.5 d. In contrast to their similar ability to be induced in older seedling shoots ϩ mRNA isolated from control (C), NA-, or NA/T-treated 2.5-or 6.5-d-old seedlings were electrophoresed on 1.2% (v/v) agaroseformaldehyde gels, transferred to Hybond-N nylon membrane, and probed at high stringency with the 3Ј terminal sequence (bp 960-1,410 relative to the first predicted coding nucleotide) of the CYP73A7 cDNA and subsequently with the constitutive maize 1055 cDNA (Sachs, 1991) . CYP73A mRNA levels were quantified by phosphorimager analysis and normalized relative to the 1055 mRNA levels. The relative induction levels for CYP73A mRNA after each treatment compared with the CYP73A mRNA in control seedlings of the same age are shown below each lane. ϩ mRNA isolated from control (C), NA-, or NA/T-treated 2.5-or 6.5-d-old seedlings were electrophoresed on 1.2% (v/v) agarose-formaldehyde gels, transferred to Hybond-N nylon membrane, and probed at high stringency with the full-length EST sequence of the CYP71C1 cDNA and subsequently with the constitutive maize 1055 cDNA (Sachs, 1991) . CYP71C1 mRNA levels were quantified by phosphorimager analysis and normalized relative to the 1055 mRNA levels. The relative induction levels for CYP71C1 mRNA after each treatment compared with the CYP71C1 mRNA in control seedlings of the same age are shown below each lane.
by the combination of NA and T, CYP92A1 transcripts are induced to a small extent in older seedling shoots in response to PB and PB in combination with T and CYP72A5 transcripts are very significantly induced in young and older seedling roots in response to PB and to a lesser extent in response to PB in combination with T. These variations indicate that NA and PB activate expression of these genes through different tissue-specific pathways and that T only influences expression in the presence of NA. Differential induction of the CYP92A1 and CYP72A5 transcripts is also apparent in their responses to wounding and bacterial pathogens: both of these biotic stimuli induce CYP92A1 mRNA in 6.5-d-old seedlings and neither stimulus induces CYP72A5 mRNA. Maize EST 6c06b11 transcripts, which show little identity (Ͻ30%) with other known P450 sequences, are not induced by either NA-or NA/Ttreatment of older seedlings and, with respect to these chemical inducers, their expression contrasts with CYP92A1 and CYP72A5.
Of the P450s with tentative functions, CYP73A7 transcripts encoding t-CAH, are expressed at a high constitutive level in 2.5-d-old shoots and at a 4.2-fold higher level in control 6.5-d-old shoots. As expected for an enzyme needed for the production of lignin and other phenylpropanoid end products, wounding and bacterial infections induce CYP73A7 transcripts severalfold above these high constitutive levels, whereas NA and NA/T treatments exert more marginal effects on the CYP73A7 transcript levels (1.2-to 1.7-fold relative to control seedlings at each of these ages). These molecular analyses support previous conclusions, derived from metabolic studies (Zimmerlin and Durst, 1992; Moreland et al., 1993; Persans and Schuler, 1995) , that t-CAH transcripts are not induced by NA and NA/T treatments. CYP73A6 transcripts were not detected at either 2.5 or 6.5 d in the shoots, suggesting that CYP73A7 transcripts encode the major t-CAH species present in these developmental stages. Maize EST csu25 transcripts, which are highly homologous to sorghum and wheat CYP51 transcripts and presumed to have a function in obtusifoliol 14-demethylation (Bak et al., 1997; CabelloHurtado et al., 1997) , are induced in response to NA treatment of young seedlings and repressed in older seedlings.
CYP71C1 transcripts encoding the third P450 in the DIMBOA biosynthetic pathway are induced in NAtreated 2.5-d-old shoots in wounded and bacterially infected 6.5-d-old shoots to approximately the same extent as CYP71C3v2 transcripts encoding the fourth P450 in DIMBOA synthesis. But, with other inducers and stages in seedling development, CYP71C1 and CYP71C3v2 transcripts are expressed differently. With respect to the inducers that we have analyzed, the most apparent difference in these transcripts occurs in the response to NA/T treatment of younger shoots and in NA and in NA/T treatment of older Table II seedlings: CYP71C1 transcripts are not induced in 2.5-d-old seedlings by T in combination with NA and are repressed in older seedlings by both NA and NA/T treatment; CYP71C3v2 transcripts are additively induced in young shoots by T in combination with NA and induced in older shoots by NA. These similarities in induction patterns with respect to wounding and bacterial pathogens are consistent with coordinate induction of consecutive enzymes in a pathway needed to block bacterial infections. These differences with respect to safener and herbicide induction are consistent with the recruitment of select P450s within a pathway for detoxification of one or more herbicides. Genomic DNA analysis that shows a single, large and multiple, small DNA fragments hybridizing with the CYP92A1 cDNA indicates that CYP92A1 is encoded within a small group of closely-spaced genes in the inbred B73 line. Genomic mapping places this subset of genes within a single locus on chromosome 2 near the maize ADP Glc phosphorylase gene. In justaposition to this copy number assessment is the fact that multiple primer sets directed against internal segments of the CYP92A1 gene generate single band PCR amplified products from maize genomic DNA. This latter data, which is indicative of a single copy CYP92A1 gene, are reconciled with the genomic DNA analysis by suggesting that the closely spaced genes detected by high stringency Southern analysis represent related, but nonidentical CYP92A sequences. The recent cloning of a closely related CYP92A4 cDNA supports this conclusion (M. Barrett, unpublished data). The fact that the full-length CYP92A1 cDNA and its corresponding RT-PCR clone (NA PCR 3) isolated, respectively, from NA/T-and NA-treated maize seedlings are identical and the fact that CYP92A1-related sequences are absent from available EST databases suggest that CYP92A1-related sequences (e.g. CYP92A4) are not expressed in response to these particular chemical inducers.
By similar analysis, CYP72A5 appears to be encoded by a single gene or a very small cluster of genes in the inbred B73 genome. The CYP72A5 cDNA, originally isolated from a cDNA library prepared with NA/T-treated 2.5-d-old seedling RNA, is only one nucleotide different from the NA PCR 4 clone amplified from NA-treated maize seedling mRNA. Based on its perfect identity in this region with an EST clone isolated from the maize inbred B73 line, we presume that this nucleotide difference in the original RT-PCR clone represents a PCRgenerated mistake rather than an allelic variant of the CYP72A5 cDNA clone. In agreement with this, the CYP72A5 cDNA hybridizes with a single relatively small fragment of maize genomic DNA (var B73) that exhibits no apparent RFLP differences with the CYP72A5 cDNA. Also, PCR amplification across the intron positioned within the last one-half of the CYP72A5 coding sequence provides no evidence for additional CYP72A5 genes.
Splice site comparisons across the available sequence of this CYP72A5 intron indicate that when compared with other plant introns (Simpson and Filipowicz, 1996; Schuler, 1998) , it is unusual in its lack of U1 snRNA complementarity upstream from the 5Ј-splice site and uridines upstream from the 3Ј-splice site. To compensate for this, the sequences immediately downstream from the 5Ј-splice site (ACT/GUAAGU; double underlines designate complementarity) share extended complementarity with the U1 snRNA used in recognition of this site, and the sequence immediately upstream from the 3Ј-splice site maintains the five nucleotides optimal for recognition of this site (UGCAG/; Baynton et al., 1996) . In addition, the AU transitions between exon and intron sequences in this transcript are 11% and 13% across the 5Ј-and 3Ј-splice sites and in a range consistent with many other plant introns (Simpson and Filipowicz, 1996; Schuler, 1998) .
The high stringency genomic PCR amplification of genomic DNA from pea, wheat, Arabidopsis, three different maize varieties (B73, CI31A, and Mo17), and teosinte and subsequent high stringency probing with CYP92A1 and CYP72A5 indicate that teosinte and the various maize varieties (B73, CI31A, and Mo17) possess closely related CYP92A1 and CYP72A5 genes. The ϩ mRNA isolated from nutrient broth control, E. stuartii-treated, or A. avenae-treated 6.5-d-old seedling shoots were electrophoresed on 1.2% (v/v) agarose-formaldehyde gels, transferred to Hybond-N nylon membrane, and probed at high stringency with CYP92A1, CYP72A5, CYP71C3, CYP71C1, CYP73A7, CYPS1, or CYP6c06b11 probes and subsequently normalized with the 1055 cDNA. The relative induction levels for each transcript compared with control seedlings of the same age are shown below each lane.
size of the PCR amplification product and the absence of introns in this region of the CYP92A1 sequence suggest that the organization of the CYP92A1 gene is evolutionarily conserved in maize and teosinte. The failure to generate corresponding PCR amplification products using wheat, pea, and Arabidopsis genomic DNAs indicates that these species do not contain closely related CYP92A1 homologs. Likewise, the PCR product patterns indicate that the organizations of the maize and teosinte CYP72A5 genes are highly conserved and that closely related homologs are not present in wheat, pea, and Arabidopsis.
MATERIALS AND METHODS

Seed Growth and Herbicide Application
Approximately 100 g of captan-treated corn seeds (Zea mays inbred B73) was soaked overnight in a 1-L flask with flowing tap water. Seeds (not treated with captan) were sterilized using a 30% (v/v) bleach solution containing 0.05% (v/v) Tween 20 for 45 min and washed four times with 400 mL of sterile distilled water. For induction with NA, 100 g of seeds was coated with the inducer by shaking the seeds vigorously in a 100-mL bottle with 1 g of dry powdered NA. Seeds were then arranged in rows on sterile white teri towels and moistened with sterile distilled water. The teri towels were subsequently sandwiched between cafeteria trays and placed upright in a tub of distilled water. The seeds were grown at 25°C to 30°C for 2.5 or 6.5 d. Approximately 16 h before harvesting, the seedlings were T treated by soaking the teri towel with 25 mL of a solution containing (0.052%, w/v) of a 75% (w/w) powder of the commercial form of T (Amber, provided by Novartis, Research Triangle Park, NC) corresponding to a final concentration of 1 mm T. For RNA extraction, 5 to 10 g of maize coleoptiles was collected, frozen in liquid nitrogen, and stored at Ϫ80°C.
For induction with PB, the maize plants were grown as above but watered with an 8-to 10-mm PB solution (pH 7.0). For induction by wounding, maize shoots were sliced in 0.25-cm intervals but not so deep as to cut off the coleoptiles. UV-C light (254 nm) treatment was administered by directly placing the maize seedlings on a UV transilluminator (6,000 W/cm 2 ) for 5 min.
RNA Extractions
Total RNA was isolated according to the method of Puissant and Houdebine (1990) from approximately 5 to 10 g of liquid nitrogen frozen maize coleoptiles ground to a fine powder in a mortar and pestle. Following lithium chloride extraction and isopropanol precipitation, each nucleic acid sample was resuspended in 300 L of sterile water and frozen at Ϫ80°C. Typically, 1 mg of total RNA was recovered from 10 g of coleoptile tissue.
Poly(A) ϩ mRNA was isolated from approximately 1 mg of total RNA using the rapid mRNA purification kit (Amresco, Solon, OH) as outlined in the manufacturer's directions. The mRNA was resuspended in sterile water and stored at Ϫ80°C. Typically, 10 g of mRNA was recovered per milligram of total RNA.
RT-PCR Cloning
One-hundred nanograms of mRNA isolated from NAtreated 6.5-d-old seedlings was reverse transcribed at 50°C for 30 min in a 50-L reaction containing 4 units of avian myeloblasto-virus reverse transcriptase (Promega, Madison, WI) and 100 pmol oligo(dT) primer (Persans, 1998) in 1ϫ PCR buffer (50 mm KCl, 10 mm Tris-HCl, pH 8.4, 200 m dNTPs, and 50 g/mL gelatin). The first-strand cDNA products were PCR amplified in a 50 L reaction containing 2.5 units of Taq polymerase (Gibco BRL, Gaithersburg, MD), 100 pmol of the degenerate PN-3, and nondegenerate oligo(dT) primers (Persans, 1998) . Twenty-five cycles of PCR amplification were performed with each consisting of 95°C denaturation for 1 min, 42°C or 60°C annealing for 2 min, and 72°C extension for 2 min. A final 5-min 72°C extension step was done to complete synthesis of all DNA strands.
For cloning, one-half of the RT-PCR products derived from a single amplification reaction were phenol:chloroform (1:1) extracted, ethanol precipitated, resuspended in sterile water, and digested with EcoRI and BamHI, and ligated into EcoRI-BamHI-cut pBluescript SK ϩ vector (Stratagene, La Jolla, CA). The EcoRI-BamHI inserts of 800 ampicillin-resistant transformants were sized on 2.2% (v/v) agarose gels and 90 clones in the 300-to 500-bp range were sequenced using T3 and T7 primers complementary to the Bluescript SK ϩ vector and a Sequenase 2.0 kit (U.S. Biochemicals, Cleveland).
A maize CYP73A7 RT-PCR clone was obtained by RT-PCR amplification using the conditions outlined above and degenerate tCAH 5Ј and tCAH 3Ј primers complementary/ identical to conserved amino acids 320 to 326 and 463 to 469 in the pea (Pisum sativum) t-CAH (CYP73A9; Frank et al., 1996) sequence; these sequences are conserved in the maize t-CAH (CYP73A7; Potter et al., 1995) sequence.
Northern Analysis
One microgram of mRNA was electrophoresed on 1.2% (w/v) agarose-formaldehyde gels and capillary-blotted to Hybond-N nylon membranes (Amersham, Arlington Heights, IL) overnight using 10ϫ SSC. Membranes were UV-crosslinked using a Stratalinker (Stratagene) and prehybridized in 200 mm Na 2 PO 4 , pH 7.2, 5% (v/v) SDS, 1 mm EDTA, 10 mg/mL bovine serum albumin, 0.1 mg/mL sheared salmon sperm DNA for at least 2 h at 65°C. Blots were probed with denatured 32 P-labeled probes added directly to the prehybridization solution at 60°C to 65°C for 12 to 16 h. Blots were washed twice for 15 min at 60°C to 65°C with 40 mm Na 2 PO 4 , pH 7.2, 5% (v/v) SDS, 1 mm EDTA, 5 mg/mL bovine serum albumin, washed once for 5 to 30 min at 60°C to 65°C in 40 mm Na 2 PO 4 , pH 7.2, 1% (v/v) SDS, 1 mm EDTA and autoradiographed at Ϫ80°C. For quantification, hybridization signals were quantified by Phosphorimagery (Molecular Dynamics, Sunnyvale, CA) and compared after normalization with the level of constitutive maize 1055 mRNA (Sachs, 1991) .
cDNA Library Construction and Screening
Three micrograms of mRNA from NA/T-treated 2.5-dold maize seedlings was reverse transcribed at 42°C for 1.5 h using 33 units of avian myeloblasto-virus reverse transcriptase (Promega) in a 50-L reaction containing 1ϫ RT buffer (50 mm Tris-HCl, pH 8.3, 50 mm KCl, 10 mm MgCl 2 , 10 mm dithiothreitol, and 0.5 mm spermidine), 500 m dNTPs, 20 units of RNAsin (Promega), and 5.7 g NotI oligo(dT) primer (Persans, 1998) . After reverse transcription, 72 L of 5ϫ second strand buffer (94 mm Tris-HCl, pH 8.0, 453 mm KCl, 23 mm MgCl 2 , 18.75 mm dithiothreitol, and 200 m dNTPs), 3 units of RNase H (Boehringer Mannheim, Indianapolis), and 90 units of DNA polymerase I (Boehringer Mannheim) were added, and the secondstrand reaction was incubated at 15°C for 2.5 h. The cDNA was phenol:chloroform (1:1) extracted, ethanol precipitated, and resuspended in 38 L of sterile water, 10 L of 5ϫ end-polishing buffer [90 mm (NH 4 ) 2 SO 4 , 330 mm TrisHCl, pH 8.3, 33 mm MgCl 2 , 50 mm ␤-mercaptoethanol, and 200 m dNTPs]. The repair reaction was carried out with 10 units of T4 DNA polymerase (Gibco BRL) for 1 h at 37°C, phenol:chloroform (1:1) extracted, and ethanol precipitated. A 30-L adaptor ligation reaction was set up containing 2 g of BstXI adaptors (Invitrogen, Carlsbad, CA) and 2.5 units of T4 DNA ligase. After an overnight 15°C ligation, excess adaptors were removed by centrifugation through a 0.5-mL Sephacryl S-400 (Promega) column. Test ligations containing 1, 2, or 3 L of the cDNA insert and 100 ng of BstXI-cut pYES vector (Invitrogen) in 20 L of ligation reactions were incubated overnight at 4°C, and 5 to 10 L of each ligation reaction were electroporated into electrocompetent TOPP10FЈ cells (Invitrogen). Approximately 40,000 primary transformants were screened by colony hybridization using inserts from the NA PCR 3, 4, and 5 clones and the conditions previously described for northern analysis. For the primary and secondary screens, equivalent counts of the NA PCR 1, 3, 4, and 5 probes were combined. For the tertiary screen, 32 P-labeled probes representing individual NA PCR clones were used to screen restriction fragments derived from clones identified in the secondary screen.
Genomic Mapping Analysis
Genomic DNA isolated from 210 progeny of the F 3 generation of the maize inbreds Tex6 and Mo17 was used for mapping. Forty micrograms of DNA was electrophoresed on a 0.8% (v/v) agarose gel, blotted to Hybond-N nylon membranes overnight using 20ϫ SSC, and probed with 3Ј-terminal gene fragments (last 500 bp) of each P450 cDNA. The blots were prehybridized at 65°C for at least 2 h in 50 mm Tris-HCl, pH 8.0, 10 mm EDTA, pH 8.0, 5ϫ SSC, 5ϫ Denhardt's solution, 0.2% (v/v) SDS, 7.5% (v/v) dextran sulfate, and 100 g/mL sheared salmon sperm DNA, then a 32 P-labeled probe was added, and the blots were hybridized overnight at 65°C. After hybridization, the hybridization solution was drained off and the blots were washed with 2ϫ SSC, 0.1% (v/v) SDS for 5 min at 25°C, and washed twice for 15 min at 65°C in 0.1ϫ SSC, 0.1% (v/v) SDS. The blots were air-dried and autoradiographed at Ϫ80°C. The blots were scored, and the computer program Mapmaker/EXP3.0 (Lander et al., 1987) was used to generate the map locations of the P450 genes.
